Abstract-Micro-organisms in samples collected in different farm environments were analysed by staining with a fluorochrome and counting with an epifluorescence microscope. Errors from preparation losses and non-specific fluorescence of non-microbial particles were found when the CAMNEA method was used. These errors could be reduced by modifications of the CAMNEA method including the use of a destaining technique, and the use of DAPI instead of acridine orange as the fluorochrome. Non-specific fluorescence was substantially reduced if samples were destained using a citrate buffer at pH 3 followed by iso-propanoL Preparation losses were reduced to approximately 6% if the samples were resuspended in 0.1% Tween-80 by 3 min agitation in an ultrasonic bath. Aggregates were also disrupted by ultrasonic treatment Nevertheless, aggregates were observed using all the methods where micro-organisms could not be discriminated and counted and the number of micro-organisms in such aggregates was estimated by linear regression. The occurrence of such aggregates was lowest when the samples were destained. Significantly higher concentrations of micro-organisms were found in samples from three of four farm environments with the modified CAMNEA method, using an improved resuspension and destaining technique, even if preparation losses were included and micro-organisms in uncountable aggregates were estimated.
INTRODUCTION
The inhalation of bioaerosols may cause allergic alveolitis, organic dust toxic syndrome (ODTS), asthma and allergic symptoms (Brown, 1988; Donham, 1990; Malmberg, 1990) , and these have been ascribed to micro-organisms, such as bacteria or fungal spores, that may be present in the aerosols.
Micro-organisms may grow in materials that are handled on farms, such as grain, hay, straw and manure, when the humidity and temperature are favourable, but growth stops when the materials dry out (Blomquist et al., 1983; Palmgren et al., 1986) . As a consequence a large proportion of the micro-organisms in bioaerosols from farm environments are non-viable but, since exposure to non-viable microorganisms may also cause health effects (Malmberg, 1991) , their presence should be assessed as well as that of viable micro-organisms.
Viable and non-viable micro-organisms can be counted with the epifluorescence microscope after fluorescent staining with acridine orange. This technique was first developed for quantification of micro-organisms in soil samples (Strugger, 1948) and has also been used for aquatic bacteria (Zimmermann and Meyer-Reil, 1974; Hobbie et al., 1977) . Palmgren et al. (1986) adapted fluorescence microscopy for airborne micro-organisms in filter samples from highly contaminated work environments. This method, called combined CAMNEA, combined counting of micro-organisms by fluorescence microscopy with dilution plating of viable micro-organisms. Problems arising from non-specific background fluorescence of organic dust particles were noticed, however (Palmgren et al., 1986) .
Several improvements in fluorescence microscopical methods have been described. Rinsing of the filter with fluorescent stained particles has been used to reduce non-specific staining in samples of aquatic micro-organisms (Schwantes, 1971; Zimmermann and Meyer-Reil, 1974) . Recently a modification of a Danish standard method for the analysis of bacteria in drinking water has been described (Boisen, 1990) where filtered samples were rinsed with a citrate buffer at pH 3 and iso-propanol. A modification of the CAMNEA method with DAPI (4,6-diamidino 2-phenylindole) as a fluorochrome has been used in a study of municipal sewage plants workers (Melbostad et al., 1994) since this fluorochrome is more specific for microbial DNA than acridine orange.
A comparative study of scanning electron microscopy, light microscopy and fluorescence microscopy showed that 75% fewer spores from moulds and actinomycetes were counted with the fluorescence microscope than with the light or the scanning electron microscope. The lower yield of micro-organisms found with fluorescence microscopy was ascribed to losses during sample preparation (Eduard et al., 1990) . A smaller and non-significant difference between scanning electron microscopy and fluorescence microscopy has been found by Karlsson and Malmberg (1989) . In this study, bacterial cells were also present in the samples which were not recognized with the scanning electron microscope. Further analysis of these data showed a significantly lower number of micro-organisms counted by fluorescence microscopy than by scanning electron microscopy, in samples with a large proportion of spores (Eduard, 1993) .
In the present study, errors from non-specific staining and losses of microorganisms during preparation in the fluorescence microscopical method were studied and improvements were attempted using samples collected from farms.
MATERIALS AND METHODS
Methods were compared by analysis of field samples with approximately equal bioaerosol loads.
Collection of field samples
Samples were collected from different sites: a poultry house, a cow house, a pig house and a grain dryer. Multiple parallel filter samples were collected using a field exposure chamber (Eduard et al., 1990) , with an additional impactor stage to remove particles greater than 10 /im. Samples were collected on Irgalan blackstained polycarbonate membrane filters (Nuclepore, Pleasanton, California, U.S.A.) with pore size 0.2 /on and diameter 25 mm in closed-face graphite-filled polypropylene filter holders (Nuclepore, Pleasanton, California, U.S.A.), with a flow rate of 1.5 l.min" 1 and a sampling time of 60 min. The flow-rate of samples within a series was measured individually with a rotameter and showed a coefficient of variation of 7%. 
Preparation of samples
Micro-organisms were resuspended from the filters using the CAMNEA procedure (Palmgren et al., 1986) . One millilitre of 0.01% Tween-80 solution was added on the support pad through the outlet of the cassette to avoid loss of solution fluid added to the main chamber of the cassette. Five millilitres of the solution fluid was added through the inlet, and the cassette was plugged and vigorously shaken on a shaking table for 15 min. Formaldehyde (37%) was added to the suspension to a final concentration of 1%. Dispersion fluids with Tween-80 (0.01-0.25%) and phosphate buffer (0.1 and 0.01 M, pH from 3 to 7) were used to study preparation losses and dispersion of aggregates. Dispersion by agitation in an ultrasonic bath was also attempted (duration from 3 to 10 min).
A subsample of the suspension was filtered through an Irgalan black-stained filter with pore size 0.2 /mi (Nuclepore, Pleasant, California, U.S.A.). The size of the subsample was 0.1-5 ml depending on the particle concentration. The microorganisms were stained with acridine orange to a final concentration of 100 \i% ml~' when analysed according to the CAMNEA method (Hobbie et al., 1977; Palmgren et al., 1986) , or at a concentration of 200 \i% ml" 1 using the Danish Standard method for bacteria in drinking water (DS2212). A final concentration of 0.1 (xg ml" 1 was used in samples stained with DAPI, which is 100 times higher than reported by Porter and Feig (1980) . Samples prepared according to the Danish Standard method were destained by rinsing with 2 ml of 0.1 M citrate buffer at pH 3 followed by 2 ml of iso-propanol. After filtration, the filter was air dried and mounted on a microscope slide with Cargille oil (Type A, R.P. Cargille Laboratories, Inc., New Jersey, U.S.A.). All reagent solutions were filtered through 0.22 /an sterile Millex-GS filters (Millipore S.A., Molsheim, France) before use.
Counting procedure
Micro-organisms were counted with a Nikon Labophot epifluorescence microscope fitted with a HBO 100 W high-pressure mercury source at a magnification of 1250. A BP 450-490 exciterfilter, a FT 510 dichromatic beam splitter and an LP 520 barrier filter were used for acridine orange. For DAPI, a G 365 exciter filter, a FT 395 dichromatic beam splitter and 1 LP 420 barrier filter were used.
Micro-organisms were counted according to rules adopted by a Nordic ad hoc working group (Eduard et al., 1990) . The total number of micro-organisms present in particles (total counts) and the number of particles with one or more microorganisms, called microbial particles or micro-organisms containing units (mcu), were recorded. The size of microbial particles was recorded by the number of microorganisms per mcu and by Martins diameter (Reist, 1984) . A total of 50 random fields or 400 micro-organisms on each filter were counted. As the proportion of fungal spores in the samples was low, classification of micro-organisms by morphology was not attempted.
Estimation of micro-organisms in aggregates
In all samples, aggregates were observed that could not be counted because the individual micro-organisms could not be discriminated. The number of microorganisms present in such aggregates were estimated by the following procedure: (1) aggregates were classified by morphology; (2) the association between the number of micro-organisms and Martins diameter was estimated in countable aggregates of each type using linear regression; and (3) the number of micro-organisms in uncountable aggregates was estimated from a linear regression line using the Martins diameter of the aggregate.
Data analysis
Data analysis was carried out on the relative concentration of micro-organisms found in the samples. Because of high variability of the data, non-parametric tests were used, if possible. The homogeneity of the distribution of particles on the filter surface was evaluated by comparing the standard deviation of the counts between view fields with the standard deviation predicted by the Poisson distribution of the average number of particles per view field (SD = n I/2 ).
RESULTS

Staining technique
Samples collected in a poultry house were dispersed according to the CAMNEA procedure and stained by the three different methods [ Fig. l(a)-(c) ]. Excessive fluorescence may hinder discrimination of micro-organisms in aggregates, which can be difficult to separate from non-specifically stained particles [ Fig. l(a) ]. These problems were less but still present when DAPI was used as fluorochrome [ Fig. l(b) ]. Micro-organisms were more easily discriminated in samples stained by the modified CAMNEA procedure [ Fig. l(c) ]. However, in all samples aggregates were present where micro-organisms could not be discriminated and counted. The proportion of such microbial particles was 12% using the CAMNEA method, 7% with CAMNEA-DAPI and 4% with the modified CAMNEA method. As these aggregates can be fairly large, a substantial number of micro-organisms could not be counted.
Estimation of micro-organisms in uncountable aggregates
Aggregates were classified by morphology into three types: particles densely covered with micro-organisms; particles with micro-organisms scattered on other particles; and compact aggregates of micro-organisms (Fig. 2) . The frequency of aggregate types found in samples from different environments is shown in Table 1 . Linear regressions of the number of micro-organisms in an aggregate on Martins diameter are shown in Fig. 3 for each aggregate type.
The proportion of micro-organisms that were estimated ranged from 4 to 69% (Fig. 5) . Most micro-organisms were estimated in samples analysed by the CAMNEA method with acridine orange (18-46%, median 39%) and the DAPI method (8-69%, median 39%), and least with the modified CAMNEA method (4-29%, median 15%).
Loss of micro-organisms during preparation of samples
Micro-organisms remaining on the filter surface after resuspension could be counted as samples had been collected on Irgalan black-stained filter. Microorganisms found on the filter after resuspension with the CAMNEA procedure amounted to 41% (range 28-61%) of those found in the suspension. Resuspension of samples using a dispersion fluid with a detergent concentration of 0.1 % Tween-80 and 15 min agitation, resulted in a reduced loss of micro-organisms which were left on the filter after resuspension (5%, range 3-7%, n = S). The reduction was significant (Wilcoxon rank sum test, P<0.05). From samples that had been resuspended with 0.1% Tween-80 dispersion fluid, a further 5-6% (n = 2) microorganisms could be removed from the filter cassette wall by rinsing with 0.1% Tween-80 dispersion fluid.
Disruption of aggregates
Disruption of aggregates was studied in suspended samples collected in a poultry house. Small particles were removed from the suspension prior to agitation by filtration through a polycarbonate filter with a pore size of 10 /nn. Subsamples of the suspension were agitated for 15 min on a shaking table and by sonication in a ultrasonic bath for 3-10 min. The optimal time for ultrasonic agitation was 3 min as disrupted cell walls were observed when sonication was extended to longer periods. A higher number of single micro-organisms and microbial particles, with between two and five micro-organisms per mcu, were found after 3 min sonication compared to 15 min agitation on a shaking table, Wilcoxon rank sum test, i><0.05 (Fig. 4) . The total number of micro-organisms after sonication was also higher (Wilcoxon rank sum test, P<0.05).
Samples from different sites
Samples from a poultry house, a pig house, a cow house and a grain dryer were analysed by all three methods. Losses during preparation were minimized for all methods using resuspension of samples in 0.1 % Tween-80 dispersion fluid and 3 min sonication. Micro-organisms in the suspension and those remaining on the filter were counted. Microbial particles in samples from different sites differed by shape, size and number. Typical particles observed in the pig house samples were epithelial cells with micro-organisms attached to both sides. Most micro-organisms in the samples collected in the grain dryer were attached to fibrous particles, while micro-organisms in the cow house were of small cell size with a low degree of aggregation. Many of the micro-organisms collected in a poultry house were present in aggregates which amounted to approximately half of the total count. When micro-organisms were estimated in uncountable aggregates, and micro-organisms remaining on the filter were included, the modified CAMNEA method detected a significantly higher concentration of micro-organisms than the CAMNEA method and the CAMNEA- DAPI method in samples from the poultry house, the cow house and the grain dryer, but not in the pig house (Wilcoxon rank sum test, P<0.05) (Fig. 5) .
DISCUSSION
Unstable and non-specific fluorescence of non-microbial particles with the same shape and size as micro-organisms are known to be problems in the CAMNEA method when used on field samples (Palmgren et al., 1986 ). These problems were reduced when a destaining procedure from a Danish Standard staining technique for aquatic bacteria was included in the CAMNEA procedure by rinsing with a citrate buffer at pH 3 followed by iso-propanol. Similar destaining techniques for the removal of non-specifically bound acridine orange have been reported for membrane filters by Schwantes (1971) and for polycarbonate Nuclepore filters by Zimmermann and Meyer-Reil (1974) using rinsing with solvents as iso-propanol and xylol. The rinsing procedure is critical as small micro-organisms may also be destained if the filtration time is too long (Zimmermann and Meyer-Reil, 1974) .
Loss of micro-organisms during preparation has previously been suggested to explain lower results by fluorescence microscopy than by other microscopical methods, but this was not supported by experimental data (Eduard et al., 1990) . The observation that a substantial number of micro-organisms remained on the filter in the present study provides evidence that losses during preparation are an important scource of error. This error could be reduced substantially using a higher detergent concentration in the dispersion fluid.
In all samples, aggregates were observed where micro-organisms could not be discriminated. Micro-organisms present in such uncountable aggregates were estimated in samples from a poultry house using linear regression. It may be possible that the association between the number of micro-organisms in an aggregate and the diameter is better described by a higher-order polynomial. Owing to the spread in the data, this could not be confirmed and a linear relationship was used as a conservative estimate. This estimation procedure complicates the analysis and adds to the imprecision of the method. Disruption of aggregates is favourable because small aggregates are easier to count and also improve the counting precision (Eduard and Aalen, 1988) . Ultrasonic treatment was more effective than agitation on a shaking table and is therefore preferred for sample preparation, but the sonication time should not exceed 3 min. A significant higher concentration of micro-organisms was also found after sonication compared to agitation. This may be explained by the presence of uncountable compact aggregates in the studied samples. The number of microorganisms in such aggregates may be underestimated by linear regression because the relationship between the number of micro-organisms and the diameter in compact aggregates may be cubic.
Higher concentrations of micro-organisms were found in different farm environments by the modified CAMNEA method with improved sample resuspension and staining technique compared to the standard CAMNEA method and the CAMNEA-DAPI method. When micro-organisms in uncountable aggregates and preparation losses to the filter were included, the modified method still estimated significantly higher results than the other methods in three of four agricultural environments.
A further advantage of the modified CAMNEA method is the stability of prepared microscope slides. Samples may be stored for several weeks at room
